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(54) Inkjet nozzle structure to reduce drop placement error 



(57) A printhead 21 for an inkjet printer 10 having 
geometric features which reduce drop placement error 
of main 6 and satellite 8 drops ejected from the nozzles 
82 ol the printhead 21 . N ozzles 82 that are ti ited alon g 
an axis 85 correspo nding to th e direction of scanning o l 
t ^eprinth ead21 while printing hove reduced drop place- 
ment error 19' in the orthogonal direction 4 to the scon 
ning, and create a breakoff velocity 5s for the satellite 
drop 8 that can cause the main 6 and satellite 8 drops 
to be placed in a coincident location on the medium 18 
in one of the directions of scanning, thus forming desire- 
able round printed spots and reducing drop placement 
error in the scan direction. These improvements can be 
repeatabty achieved for all nozzles 82 . Nozzles 82 with 
non-circular and asymmetric bores 82b-g also reduce 
drop placement enois, particularly when these types of 
nozzles 82 are also tilted. 
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Description 

Field of the Invention 

[0001] The present invention generally relates to 
printhead structures for controlJably depositing flu id onto 
a medium, and more particularly to novel Inkjet nozzle 
structures formed in an orifice member for a printhead. 

Background of the Invention 

[0002] Inkjet printers, and thermal Inkjet printers in 
particular, have come into widespread use in business- 
es and homes because of their low cost, high print qual- 
ity, and color printing capability. These printers and re- 
lated hardcopy devices are described by VV J Lloyd and 
H.T. Taub in "Ink Jet Devices,' Chapter 13 of Output 
Hardcopy Devices (Ed. R.C. Durbeck and S. Sherr, San 
Diego: Academic Press, 1988). The operation of such 
printers is relatively straightforward !n this regard, drops 
of a colored ink are emitted onto a print medium such 
as paper or transparency ti!m during a printing opera- 
tion, in response to commands electronically transmit- 
ted to a printhead. These drops of ink combine on the 
print medium to form the pattern of spots that make up 
the text and images perceived by the human eye. Inkjet 
printers may use a number of different ink colors. One 
or more printheads are mounted in a print cartridge, 
which may either contain the supply of ink for each print- 
head or be connected to an ink supply located off-car- 
tridge for the printhead. An inkjet printer frequently can 
accommodate two to tour such print cartridges The car- 
tridges are typically mounted side-by-side in a carriage 
which scans the cartridges back and forth within the 
printer in a forward and a rearward direction above the 
medium during printing such that the cartridges move 
sequentially over given locations, called pixels, ar- 
ranged in a row and-cclumn format on the medium. 
[0003] A thermal inkjet printhead typically has a sub- 
strate (preferably made of silicon or other comparable 
materials) with multiple thin-film heating resistors on it. 
Structural barriers separate the thin film resistors from 
each other andf orm a chamber into which ink flows and 
is heated upon selective activation of the resistors. Ther- 
mal excitation causes expulsion of the ink from the print- 
head through a nozzle associated with each chamber 
and formed on an outer nozzle member of the printhead 
Initially, these nozzle members were plates manufac- 
tured from one or more metallic compositions such as 
gold plated or palladium -plated nickel and similar mate- 
rials. However, more recently they have been produced 
from organic polymers (a g plastics). A representative 
polymeric (e.g. polyimide-based) composition suitable 
tor this purpose is a commercial product sold under the 
trademark "KAPTON* by E.I. du Pont de Nemours & 
Company of Wilmington, DE (USA) 
[0004] The set of nozzles are arranged on the print- 
head such that a certain width of the medium ccire- 
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sponding to the layout of the nozzles can be printed dur- 
ing each scan, forming a printed swath. The printer also 
has a medium advance mechanism which moves the 
medium relative to the printheads in a direction gener- 

5 ally perpendicular to the movement of the carriage so 
that, by combining scans of the print cartridges back and 
forth across the medium with the advance of the medium 
relative to the printheads, ink can be deposited on the 
entire printable area of the medium. The basics of this 

to technology are further disclosed in various articles in 
several editions of the Hewfen- Packard Joumal^Jol 36, 
No. 5 (May 1985), Vol. 39/No. 4 (August 1968), Vol: 39, 
No 5 (October 1988), Vol. 43, No. 4 (August 1992), Vol 
43, No. 6 (December 1 992) and Vol. 45, Nc.1 (February 

15 1 994)), incorporated herein by reference. 

[0005] The quality of the printed output produced by 
the printer is a very important feature to inkjet printer 
purchasers, and therefore printer manufacturers pay a 
great deal of attention to providing a high level of print 

20 quality. In order to provide high print quality, each nozzle 
cf the printhead should be able to repeatably deposit the 
desired amount of ink in precisely the proper pixel loca- 
tion on the medium, producing round spots or dots. 
However, printhead aberrations and the effects of aging 

25 can adversely affect precise ink drop placement. The 
actual location of misplaced drops can visibly differ from 
the desired location, much like missing the bulls -eye cf 
a target The location error can have a component in the 
direction in which the print cartridge is scanned; such 

30 error is known as scan axis directionality ("SAD") enor 
The location error can also have a component in the di- 
rection in which the print medium is advanced; such er- 
ror is often caffed paper axis directionality ("PAD") en or 
[0006] Another form of drop placement error also oc- 

35 curs because ink is typically not ejected from a nozzle 
in the form of a single drop, but rather as a main drop 
followed by one or more satellite drops. AH of these 
drops would ideally be deposited in the same pixel lo- 
cation; however, because the main and satellite drops 

40 are ejected at slightly different times, satellite drops typ- 
ically land downstream in the scan direction from the 
main drop Instead of printing a round spot on the me- 
dium, no n-co incident main and satellite drops can pro- 
duce a non- round spot with a "tail", or even more than 

45 one spot on the medium As the scanning speed of the 
printhead with respect to the medium increases, the 
time separation between the main and satellite drops 
has a greater effect, and it becomes more likely that the 
main and satellite drops will not result in round spots as 

50 desired 

[0007] Drop placement errors generally cause a vis- 
ually significant print quality defect known as banding: 
strip-shaped nonuntformities that are visible throughout 
the printed image Banding is particularly noticeable 
55 when the drop placement etrors are not consistent from 
nozzle to nozzle on the printhead. Banding is also par- 
ticularly noticeable when the drop placement errors for 
a single nozzle vary between consecutive drops, such 
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as when the main and satellite drops sometimes coin- 
cide, but other times don't coincide. Furthermore, a 
combination of round and non-round spct shapes in an 
area en the medium which is intended to be printed with 
a uniform color and intensity can result in an uncesire- 
abSe variation of lightness and darkness within the sup- 
posedly uniform area Accordingly, it would be highly de- 
sirable to have a new and improved Inkjet printer and 
method for depositing drops of ink that can be utilized 
to repeatably produce accurately placed round spots on 
the print medium at all scanning speeds. 

Summary of the Invention 

[0008} In a preferred embodiment , the present inven- 
tion provides a printhead for ejecting drops ot a fluid onto 
a medium during movement along a scanning axis that 
reduces PAD error and SAD enor, producing accurately 
placed round spots on the phnt medium at relatively high 
scanning speeds so as to minimize banding, intensity 
variations, and other undesirable print quality defects.. 
The printhead has chambers for controllably ejecting the 
drops ot the ink or other fluid, with a nozzle member that 
is attached to the printhead and which defining a wall of 
the chambers. The nozzle member has a planar surface 
which is pcsttionable adjacent, and preferably parallel 
to, a printing plane of the medium. The composition of 
the nozzle member is substantially uniform . Nozzles are 
formed in the nozzle member, with a separate nozzle in 
fluidic communication with each chamber. The nozzles 
of the preferred embodiment are tilted along the axis in 
which the printhead travels while emitting a swath of ink 
drops onto the media In some embodiments, the inter- 
relationship between the axis lift and the direction of 
scanning result in a main drop and at least one satellite 
drop from an individual one of the plurality of nozzles in 
substantially the same location along a printing axis on 
the medium parallel to the scanning axis, producing a 
round spot The bore of the nozzles can have a circular 
shape, or they can be non-circular. Non-circular bores 
are preferably symmetrical about the scanning axis, but 
may be asymmetrical about a medium advance axis or- 
thogonal to the scanning axis Typical non-circufar bore 
shapes inctude a figure-8, a lopsided (asymmetrical 
about the medium advance axis) figure 8, a cashew, or 
a pie with a wedge removed. An alternate embodiment 
of a printhead uses untilted nozzles having asymmetri- 
cal non-circular bores. 

[0009] In some embodiments, the nozzles of a print- 
head are grouped into a set ot odd nozzles and a set of 
even nozzles. Each ot the odd nozzles and each of the 
even nozzles may be tilted in the same direction along 
the scanning axis, or the odd nozzles may be tilted in 
the opposite direction of the even nozzles. Drops of the 
tiuid can be ejected from I he nozzles at substantially the 
same tiring frequency during movement in both direc 
lions along the scan axis. The printhead preferentially 
includes a supply of a fluid fluidicafly coupled to the ejec- 



ticn chambers. The supply of the fluid may be mounted 
together with the printhead in a print cartridge moveable 
along the scanning axis, or the supply ot the fluid may 
be positioned in a different location and tluicfcalfy cou- 

5 pled to the printhead 

[0010] The present invention may also be embodied 
as an inkjet printer having a carriage attached to a frame 
for relative motion with respect tc the print medium in 
oscillating scans along a scan axis, with at least one 

io printhead as heretofore described mounted in the car- 
riage. The printer may include a print controller opera- 
lively coupled to the printheads for controlling the de- 
positing of the drops of the ink on the print medium in 
such a manner as to reduce drop placement error and 

'5 its resulting image quality defects. In one embodiment 
d the printer, the print controller has a one-pass unidi- 
rectional printmode which defines the interrelationship 
between movement of the carriage and the depositing 
of the drops of the ink such that the drops of the ink are 

20 deposited only when the carriage is moving in a given 
scan direction and not in the opposite scan direction, 
and the print medium is moved along the medium ad- 
vance axis alter each traversal of the caniage in one 
scan direction or the other In another embodiment of 

55 the printer, the print controller has a one-pass bidirec- 
tional printmode which defines an interrelationship be- 
tween movement of the carriage and the depositing of 
the drops of the ink such that the drops ot the ink aie 
deposited when the carriage is moving in both scan di- 

30 rections, and the print medium is moved along a medium 
advance axis orthogonal to the scan axis after each 
traversal of the carriage in the given scan direction and 
the opposite scan direction. 

[001 1] The present invention may also be implement- 
's ed as a method for depositing drops of an ink on a me- 
dium with an inkjet printer. According to this method a 
printhead mountable in the inkjet printer and moveable 
along a scanning axis is provided, with the printhead 
having a plurality of ink ejection nozzles each having a 
40 bore axis tilted along the scanning axis. The printhead 
moves relative to the medium along the scanning axis 
and, while moving, controllably ejects a main drop from 
certain nozzles toward the medium in a first trajectory. 
In response to the ejection of the main drop, at least one 
^5 satellite drop is ejected from the nozzles in a second 
trajectory. Both the first trajectory and the second tra- 
jectory have substantially no PAD error In some embod- 
iments where the axis of each nozzle bore is tilted to- 
ward a first scanning direction, the printhead will deposit 
so both the main drop and the satellite drop from the noz- 
zles when the printhead is moving in a second, opposite 
scanning direction, thus producing round dots with no 
SAD error. 

55 Brief Description of the Drawings 

[0012] The above-mentioned features of the present 
invention and the manner of attaining them, and the in- 
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vention itself, wiil be best understood by reference to the 
following detailed description of the preferred embodi- 
ment of the invention, taken in conjunction with the ac- 
companying drawings, wherein: 

FIG. 1 is a perspective view of a printer according 
to the present invention which improves image 
quality by reducing drop placement, shape, and 
density errors on a printed medium. 
FIG 2 is a perspective view ol a print cartridge ac- 
cording to the present invention, including the print- 
head, which is usable in the printer of FIG. 1 and. 
FIG. 3 is a schematic representation of the ejection 
ot a main drop and a satellite drop from a nozzle of 
the print cartridge of FIG. 2 onto a print medium, 
illustrating the situation where the tilt of the nozzle 
and the carriage scanning velocity affect the trajec- 
tories of the main and satellite drops so that the 
drops coincide in the same location on the medium 
for a given height of the printhead ever the medium. 
FIG. 4 is a schematic representation illustrating how 
the print controller ot the printer of FIG. 1 locates 
and controls drop placement on the medium.. 
FIG. 5 is a cross-sectional view of a single ink ejec- 
tion chamber and nozzle of the printhead in the print 
cartridge of FIG. 2 . 

FIG. 6 is a schematic representation of drop place- 
ment and shape errors with respect to the scan axis 
and medium advance axis. 
FIG. 7 is a schematic representation ct tilting the 
bore of a nozzle along the scan axis of FIG. 6 to 
reduce drop placement error. 
FIG 8A is a schematic illustration of satellite drops 
having PAD and SAD error. 
FIG. BB is a schematic illustration of a nozzle pro- 
ducing satellite drops which exhibit minimal PAD 
and SAD error in a given scanning direction. 
FIG. 8C is a schematic illustration of a nozzle pro- 
ducing satellite drops which exhibit minimal PAD er- 
ror but substantia! SAD in a scan direction opposite 
to the scan direction of FIG. 8B. 
FIGS. 9A-B are schematic illustrations of printed 
output from circular nozzles having no tilt and ex- 
hibiting significant PAD and SAD error. 
FIG. 9C is a schematic illustrations of printed output 
from nozzles having circular bores tilted along the 
scan axis in a direction opposite to the scanning di- 
rection as in FIG. 7, or from asymmetric non-circular 
bores (with or without such tilt) in which the breakoff 
velocity vector is along the scan axis in the direction 
opposite to the scanning direction, the printed out- 
put exhibiting reduced PAD and SAD error. 
FIG 9D is a schematic illustrations ot printed output 
from nozzles having circular bores tilted along the 
scan axis in the same direction as the direction of 
scanning, or from asymmetric non-circular bores 
(with or without such tilt) in which the breakoff ve- 
locity vector is along the scan axis in the same di- 



rection as the scanning direction, the printed output 
exhibiting reduced PAD error but significant SAD er- 
ror. 

FIGS. 10A-G are illustrations, viewed at the nozzle 
member, of the nozzle bore shape and breakoff ve- 
locity vectors associated with different nozzle bore 
geometries usable with the printhead of the print 
cartridge of FIG. 2. 

FIG, 11 is a flowchart of a method for depositing 
drops of an ink on a medium with the Inkjet printer 
of FIG 1. 

Description of the Preferred Embodiment 

[0013] Referring now to the drawings, there is illus 
trated a novel inkjet printer 10 constructed in accord- 
ance with the present invention and operated in accord 
ance with a novel priming method which provides accu- 
rate drop placement at high scanning speeds so as to 
minimize visual printing defects such as banding. The 
printer 10 includes a novel printhead 79 having ink ejec- 
tion nozzle features which reduce drop placement error 
in the medium advance direction 4 (known as PAD error) 
and in the scan axis direction 2 (known as SAD ercor). 
The minimization of objectionable banding significantly 
improves the quality of the printed output produced by 
the printer 1 0 

[0014] Considering now the inkjet printer 1 0 with ref- 
erence to FIGS. 1 and 2, the printer 10 generally in- 
cludes a frame 14 to which a carriage 20 is moveabty 
mounted along a sliding rail 22. The carriage 20 has one 
or more stalls 23 lor holding one or more corresponding 
print cartridges 21 and moving them relative to the sur- 
face of an adjacent print medium 18 such as paper, 
transparency film, or textiles.. Each print cartridge 21 in- 
cludes a printhead 79 having ink ejection chambers 94 
for controllably ejecting the drops of the ink or other fluid 
used for printing. A nozzle member 75 is attached to ail 
ot the ink ejection chambers 94 and defines the wall 
through which the ink is ejected from the chambers 94 
onto the medium 18. To allow the emission of ink from 
the printhead 79, nozzles 82 are formed in the nozzle 
member 75, an individual nozzle 82 associated with 
each corresponding chamber 94. As will be explained 
subsequently in greater detail, the nozzles 82 can be 
constructed with geometric features according to the 
present invention that reduce drop placement errors on 
the print medium 18. 

[0015] In operation, and with reference to FIG. 3, a 
main drop 6 is controNably ejected from selected ones 
of the nozzles 82 toward the medium 1 8 with a first tra- 
jectory 7, followed by a satellite drop 8 from selected 
ones of the nozzles 82 toward the medium 1 8 in a sec- 
ond trajectory 9. As will be explained subsequently in 
greater detail, the main drop 6 and the satellite drop 8 
have reduced drop placement error, including substan- 
tially no drop placement error in a medium or paper ad- 
vance direction 4 (i.e. substantially no PAD error). In ad- 
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dition, any drop placement error in the scanning direc- 
tion 2 (SAD error) that does occur becomes more con- 
sistent from nozzle to nozzle, and for repetitive ink ejec- 
tions from the same nozzle 82 in the same scanning di- 
rection. 

[001 S] Considering now a preferred embodiment of 
the printer 10 in further detail, and as best understood 
with reference to FIGS. 1 and 4, the printer 1 0 includes 
an input tray 12a in which a supply of the media to be 
printed are stacked prior to printing, and an output tray 
12b where the media are placed after printing is com- 
plete. Each medium 18 is fed into the printer and posi- 
tioned adjacent the carriage 20 for printing. The print 
medium 18 has a plurality of pixel locations, such as pix- 
el location 19, organized in a rectangular array of rows 
(along the medium advance axis 4) and columns (along 
the scan axis 2} on the medium 18. The print cartridge 
21 is preferably installed in the carriage 20 such that the 
printhaad 79 is facing in a downward direction and eject- 
ing ink vertically down onto the surface of the medium 
18. Ink can be supplied to the printhead 79 in a number 
of different ways, inducBngfrom a reservoir which is self- 
contained in the print cartridge 21 , or via a tube 36 from 
an off-carriage ink reservoir or vessel, such as one of 
reservoirs 31,32,33,34. Different print cartridges 21 
(four of which are illustrated in FIG 1) typically contain 
different color inks, such as magenta, yellow, cyan, and 
black inks, drops of which can be combined to form a 
variety of colored dots on the medium 18 The printer 10 
also contains a print controllerSO which receives the da- 
ta to be printed on the medium 18 from a data source 
such as a computer (not shown) which ts connected to 
the printer 10, and determines how and when to print 
corresponding dots on the medium 18. The controller 
50 orchestrates the printing by issuing carriage scan 
control commands to the scan drive mechanism 15 
which moves the carriage 20 relative to {he medium 18 
in the scan direction 2, by issuing medium advance con- 
trol commands to the medium drive mechanism 22 
which moves the medium 18 relative to the carriage 20 
in the medium advance direction 4, and by issuing ink 
emission control commands to the appropriate print car- 
tridge 21 to eject drops of fluid from the desired noz2les 
B2 of the desired printhead 79 onto the medium 1 8 The 
mechanism of ink ejection will be subsequently de- 
scribed in greater detail 

[00171 Considering now in further detail a preferred 
embodiment of the print cartridge 21 according to the 
present invention, a flexible tape ('Ilex tape") 80 is ad- 
hesively mounted to the surface of the cartridge 21 The 
nozzle member 75 is preferably integral to the flex tape 
80 with the nozzles 82 laser-ablated in the polymeric 
material, although alternatively the nozzle member 75 
can be a metallic nozzle plate separate from the flex 
tape 80 and having nozzles 82 formed in the plate by 
any conventional process, with the flex tape 80 having 
a cutout in the region where the nozzle plate is located. 
The composition of the nozzle member 75 is substan- 



tially uniform throughout, and has a planar surface that 
is positioned adjacent the surface of the medium 1 8 dur- 
ing printing. Where the surface of the medium 18 is po- 
sitioned in the printer 1 0 so as to form a printing plane, 
5 the planar surface of the nozzle member 75 is preferably 
positioned coplanar with the printing plane. The electri- 
cal signals for the ink emission control commands are 
communicated to the cartridge 21 through a set of inter 
connection pads 86 on the front surface of the flex tape 
to 80. When the cartridge 21 is seated in the stall 23, a sel 
of mating contacts (not shown) in the stall 23 and con- 
nected to the print controller 50 transmit the electrical 
signals from the print controller 50 to the interconnection 
pads 86 On the print cartridge 21 , the pads 86 are elec- 
ts trically connected tc the printhead 79 via traces con 
tained In a flex tape 80 which mete with the printhead 
79 when rt is mounted to the back surface of the flex 
tape 80. /n this way the electrical signals necessary tc 
activate the thin-film resistors 70 are transmitted front 
zo the print controller 50 to the ink ejection chambers 94. 
In the case of an off-carriage ink supply., ink is supplied 
through the tube 36 to an ink input port 60 of the print 
cart ridge 21, andthen internally to the ink ejection cham- 
bers 94, as will be discussed subsequently in further de- 
tail. The nozzles 82 are preferentially organized Into two 
parallel columns of equally-spaced nozzles, with a col- 
umn 85a containing a quantity of odd- numbered nozzles 
82 and a column 85b containing the same quantity of 
even-numbered nozzles 82. The nozzle columns 85a 3 b 
are offset from each other in the medium advance direc- 
tion 4 by a distance equal to one-half of the spacing be- 
tween two nozzles in a column, such that the two col- 
umns 85a,b can be logically treated by the print control- 
ler 50 as a single column of twice as many nozzles and 
having twice the number of nozzles per inch in the me- 
dium advance direction 4 of either column 85a,b individ- 
ually. Analyzed from the perspective of the printed me- 
dium 1 8, rows of drops printed by odd nozzles alternate 
with rows of drops printed by even nozzles As it is 
scanned along the scan axis 2 with respect to the me- 
dium 1 8, the printhead 79 produces a printed swath hav- 
ing a height in the medium advance direction 4 corre- 
sponding to the number and spacing of the columns 
85a, 85b of nozzles 82. The medium 1 8 is periodically 
advanced in the medium advance direction 4 by an dis 
tance equivalent to part or all of the swath height, de- 
pending on the particular printmode used by the printer 
10 to fully print a swath. 

[0018] Considering now in further detail a single ink 
ejection chamber 94 and associated nozzle 82 of a pre- 
ferred embodiment of the printhead 79, and with refer- 
ence to FIG. 5, the chamber 94 has a thin film resistor 
70 formed on a substrate 28. A side edge of the sub- 
strate 28 is shown as edge 86. A barrier layer 30 is de- 
posited on the substrate 28 so as to form the chamber 
94. The nozzle member 75 is attached to the barrier lay- 
er 30 by a thin adhesive layer 84 In operation, ink Hows 
around the side edge 86 of the substrate 28, and into 
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the Ink channel 81 and associated ink ejection chamber 
94, as shown by the arrow 88. Upon energization ot the 
thin film resistor 70 by electrical signals as orchestrated 
by the print controller 50, a thin layer of the adjacent ink 
is superheated, causing explosive vaporization and, 
consequently, causing a main drop and one or more sat- 
ellite drops of ink to be ejected through the nozzle 82. 
The ink ejection chamber 94 is then refilled by capillary 
action,. The time required to heat the ink, vaporize and 
eject main and satellite drops, and refill the chamber 94 
defines a maximum firing frequency at which ink can be 
ejected from the chamber 94 onlo the medium 1 8. In the 
preferred embodiment, ink is ejected from the chamber 
94 at the same firing frequency regardless of in which 
direction along the scan axis 2 the print cartridge 21 is 
being moved; there is no need to print more stcwry in 
one direction than in another. 
[0019J Considering now with reference to FIGS. 3, 4, 
and 6 the drop placement error {also known as direc- 
tionality error or concentricity error) associated with the 
main and satellite drops ejected from the ink ejection 
chamber 94 is defined as the distance between the print- 
ed drop location 19\ and the intended pixel location 19. 
The drop placement error can have a scan axis direc- 
tk>nali!y ("SAD") component in the direction along the 
scan axis 2, and a paper axis directionality ("PAD") com 
ponent in the direction along the medium advance axis 
4, Where the main 6 and satellite 8 drops are not coin- 
cident on the medium 18 (as in FIG. 6), the drop place- 
ment error may be determined with respect to a ceniro- 
tdal position of the two drops 6,8. Alternatively, the drop 
placement error of the drops 6,8 may be measured with 
respect to the drops 6,8 individually, with the main drop 
6 having a drop placement error 53 with a FAD compo- 
nent 51 and a SAD component 52 relative to the intend- 
ed location 19, and the satellite drop B having a drop 
placement error 56 with a PAD component 54 and a SAD 
component 55 with respect to the main drop 5. 
[0020] In many printheads 79, the drop placement er- 
ror of the main drop 6 tends to be relatively consistent, 
and some types ot errors can often be compensated for 
by the print controller 50 so as to more closely align the 
main drop 6 to the desired location 19. However, in prior 
printheads the drop placement error of the satellite drop 
8 lends to have variable amounts of SAD and PAD error, 
(and thus a variable aggregate direction vector) from 
chamber 94 to chamber 94, and from drop to drop from 
the same chamber 94. This variable drop placement er- 
ror cannot be compensated for by the print controller 50, 
and becomes'worse at higher scanning speeds While 
the directionality of the main drop 6 is less affected by 
the angling and the shape of the nozzle 82, these nozzle 
features have a more significant effect on the direction- 
ality of the satellite drop 8. By carefully controlling these 
characteristics, the present invention reduces the drop 
placement error of the satellite drop 8 so as to minimize 
adverse effects on print quality. 
[0021} Considering in further detail, with reference to 



FIGS. 7 and 8A, the effect on the satellite drop 8 of an- 
gling or tilting the typically circular be re of the nozzle 82 
with respect to the vertical 89, a print cartridge 21 in- 
stalled in the printer to in an orientation such that the 

5 axes 85 of the no22le bores are substantially vertical 
tends to have a highly variable directionality error. This 
effect is at least partially due to the difficulty in ensuring 
that the bore axes 85 in the nozzles 82 of installed print 
cartridges 21 are absolutely vertical; in most cases, the 

10 axes 65 w8l have a small amount of till, with the tilt oc- 
cuning in different directions due to minor manufactur- 
ing variations in the fabrication of the nozzles and the 
installation of the cartridge 21 in the printer 10. As illus- 
trated in FIG. 8A, a substantially vertical nozzle 82 typ- 

f5 jceJIy produces satellite drops 8 having both PAD and 
SAD error which varies from nozzle tiring to nozzlefiring. 
However, by fabricating the nozzles 82 with a bore axis 
tilt in a given direction in excess of the amount of tiltlrom 
manufacturing variations, the direction and magnitude 

20 of the drop placement error can be more precisely con- 
trolled. In this situation, the effects of the intentional tilt 
will dominate the effects of the manufacturing and in- 
stallation variations, allowing improved drop placement 
performance . The intentional tilt Typically has a tilt angle 

25 0 B7 in the range of 0 2 to 1 4 degrees, and more pref- 
erably in the range ot 0.4 to 0. 9 degrees Utilizing such 
a tilt angle 0 87 for the intentional tilt will make the drop 
placement performance less sensitive to fabrication and 
installation variations. Since PAD error is typically more 

so ' perceptible to the human eye than SAD error, the inten- 
tional tilt is preferably induced in a direction that will min- 
imize PAD error PAD error can be minimized according 
to the present invention by orienting the intentional tilt 
from vertical 89 in the bore axes 85 to be along the scan 

35 axis 2. The same amount and direction of intentional tilt 
is preferably induced in both the odd nozzles 85a and 
the even nozzles 85b The direclion of the intentional tilt 
(e.g. in the forward scanning direction or the reverse 
scanning direction) along the scan axis 2 does not sig- 

40 nificantly affect the PAD enor reduction. 

[0022] Considering now the effect on SAD error that 
occurs when an intentional lift in the direction of the scan 
axis 2 is introduced in the bore axis 85 to minimize PAD 
error, and with reference to FIGS. 3 and 8B-C, several 

45 factors determine the main drop trajectory 7 and the sat- 
ellite drop trajectory 9 which result in the drop placement 
location of the main drop 6 and satellite drop 8 on the 
medium 18 The satellite drop 8 has a lower expulsion 
velocity {V^,^, typicalry about six to eight meters per 

so second) 15 than the expulsion velocity (V main , typically 
about twelve meters per second) 13 of a main drop 6. 
The difference in expulsion velocities and ejection 
times, combined with the moving print cartridge 21, 
tends to cause the satellite drop 8 to land away from the 

55 main drop 6 in the downstream direction of scanning. In 
addition, during ejection the satellite drop 8 also ac 
quires a breakoff velocity V bfeakoH satBffite 5s in the direc- 
tion of nozzle tilt This velocity component is present to 
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a lesser degree in the main drop 6, which acquires a 
breakoff velocity V break£>}? main 5m. When the phnt car- 
tridge 21 is scanned in the same direction as the bore 
axis 66 is tilted (e.g. scanning in the reverse scanning 
direction when the tilt is also in the reverse scanning 
direction), the scanning velocity 3 acfc * s t0 tne 

breakoff velocities 5s,m. The deference in magnitudes 
d the breakoff velocities 5s,m, combined with the differ- 
ence in expulsion velocities 13,15, causes the satellite 
drop 8 to move away from the main drop 5, with the print- 
ed result as illustrated in FIG. 8C. Conversely, when 
scanning in the direction opposite to the tilt (e.g. scan- 
ning in the forward scanning direction when the tiit is in 
the reverse scanning direction, as illustrated in FIG. 3), 
the scanning velocity (V scan ) 3 subtracts from the brea- 
koff velocities 5s,m to cause the satellite drop 8 to move 
back towards the main drop 6 during flight, as illustrated 
in FIG 8B. For given expulsion velocities, the optimal 
amount of nozzle tilt is determined from the scanning 
velocity (V^J 3, the vertical height (H) of the printhead 
79 above the medium 18, and the time delay between 
ejection of the main drop 6 and the satellite drop 8, with 
the amount of tilt selected so as to have the satellite drop 
8 coincide on the medium 1 8 with the main drop 6 while 
the print cartridge 21 is scanning in the direction oppo- 
site to the tilt, as illustrated in FIG. 3. For a scanning 
velocity of approximately 0.75 meters per second, a ver- 
tical height of about 1250 micrometers, and an ejection 
delay of about 1 0 microseconds, a nozzle tilt of 0.2 to 
1.4 degrees in the scanning direction will consistently 
cause the placement on the medium 1 8 of the main drop 
6 and satellite drop 8 to coincide. 
[0023} FIGS, 9A-D illustrate the drop placement enor 
for a set of nozzles 82. FIGS. 9A-B illustrate magnified 
ink depositions on the medium 1 8 printed in the forward 
and reverse scanning directions from a printhead 79 
with circular nozzles 82 having untilted (i.e. substantially 
vertical) bores respectively it is observed that the oc- 
currence and drop placement error of satellite drops dif- 
fers from nozzle to nozzle, and for different firings of the 
same nozzle, regardless ol the scanning direction, 
causing objectionable horizontal banding. By compari- 
son, the main 6 and satellite B drops of FIG 9C, which 
illustrates output printed in the forward scanning direc- 
tion from a printhead 79 having nozzles 82 tilted in the 
reverse scanning direction, consistently coincide in the 
same iocation such that the satellites 8 are not visible. 
In FIG 9D, which illustrates output printed in the reverse 
scanning direction from the same printhead 79 of FIG 
9C, satellite drops are consistently visible, but since 
there is no perceivable PAD error, there is no horizontal 
banding. In order for the nozzles 82 to operate as illus- 
trated in FIGS 9C-D and heretofore described, it may 
be required to eject several drops from the nozzles to 
initialize the proper behavior These start-up emissions 
can either be printed on a very small portion of the me- 
dium 18 or in an ink spittoon or service station (not 
shown) in the printer 10. 



[0024] In a preferred embodiment, the odd column 
85a and the even column 85b ot nozzles 82 on the print- 
head 79 are both tilled in the same direction. Such a 
configuration will generate coincident main 6 and satel- 

5 lite 8 drops from all nozzles in one scanning direction, 
and separated main 6 and satellite 8 drops from all noz- 
zles in the other scanning direction. As a result, the en- 
tire swath printed by the printhead 79 in one scanning 
direction produces output as in FIG. 9C, and output as 

10 in FIG. 9D in the other scanning direction. Such a nozzle 
configuration is particularly beneficial In providing high 
image quality, particularly for the edges of text, when 
used in combination with a one-pass unidirectional print- 
mode that deposits drops only when scanning in the di- 

15 rection in which the main drops 6 and the satellite drops 
8 coincide. In addition to the main and satellite drops 
forming substantially round spots on the medium 1 8, the 
spot size and spot density (equivalent to perceived light- 
ness or darkness of the spot) are also uniform for ail 

20 spots, and adjacent drops can coalesce to form uniform 
areas during drying. 

[0025J In an alternate embodiment, the odd column 
85a and the even column 85b ot nozzles 82 on the print- 
head 79 are each lifted in opposite directions. Since odd 

25 and even nozzles form alternate rows on the medium 
18, such a configuration will generate printed output 
where, for a given scanning direction, the spots in one 
printed row have coincident main and satellite drops, 
while the spots in the adjacent printed row have dislinct 

30 main and satellite drops. Such a nozzle configuration is 
useful in printmodes utilizing any number of passes, but 
is particularly beneficial when used in combination with 
a one-pass bidirectional printmode, where aftemate 
swaths are printed in opposite scanning directions 

35 Since each swath of a one-pass bidirectional printmode 
contains both coincident and non-coincident main 6 and 
satellite 8 drops, this nozzle arrangement where the col- 
umns 85a,b are tilted in opposite directions provides a 
balanced design in which the perceived image quality 

^0 of alternate swaths is closely matched. 

{0026] An alternate embodiment of the present invetv 
tion, as best understood with reference to FtGS. 10A -G. 
utilizes non-circular nozzle bores through the nozzle 
me"rTlb"eT75Tihsle5 q oTClfCUlarPOreS. SUcTTa nozzle de- 

45 sign provroes beneficial drop placement effect s similar 
to inose obtainable, as has been heretofore described, 
byTttfinrphe tWZleS 82. While tne breaKort velocity 
(Vfrea^r vectof OH he satellite drop 8 can occur 
in any of a large number of different directions for differ- 

50 ent firings of a circular bote 82a, the^je^me^n^je^lur^s 
oj ^symmetric non-c ircular bores cause the breakoff ve - 
Iccity vector 5s,m t o consistentlyoccur in a single jlkec.- 
u'mT~ AsynThTeTnc^ are symmet rical 

abouUhe scan axis 2r1WTroT3DOut the medium ad- 

55 ^ancjtgxjs gT^n d include; but are not hn ti ted to, bor es 
hawngj heshap e of a lopsg e^arcje_8g^^^hpw BPc 
foj^'de?7igure-g~[or lopsided kid ney) B2d, pi.e ^hape^ 
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bores can have a small number of possible breakoff ve- 
locity vectors 5s,m; for instance, a bore B2e having the 
shape of a figure-8 (or kidney) has two possible vectors 
located at either side of the waist of the figure-8. To min- 
imize PAD error, non-circular bores 82b-g must be ro- 
tated so as to align the (or one of the) breakoff vectors 
with the scanning axis. In addition, in order to establish 
a consistent and repeatable breakoff vector 5s,m so as 
to ensure that all nozzles have a consistent SAD for aH 
firings in a scan direction, a symmetric non-circular bore 
must also be tilted along the scanning axis as described 
heretofore for a circular bore. As apracticalmatter, since 
tilt has a stronger effect on directionality than does non 
circularity cf the nozzle bore, tilting even asymmetric 
non-circular bores is preferable unless absolute vertical 
alignment of the bores when the cartridge 21 is installed 
in the printer 10 can otherwise be assured. The nozzle 
bores preferably widen, or taper away, from the surface, 
of the nozzle member 75 at which the drops are ejected 
and toward the interior of the nozzle member 75. The 
tapering is preferably constant at a taper angle of about 
eight to nine degrees, such that the bores retain the 
same cross-sectional shape throughout the nozzle 
member 75. 

[0027] The present invention can aiso be implement- 
ed, with reference to FIG. 11 , as a method 200 for de- 
positing drops of an ink on a medium 18 with an inkjet 
printer 1 0. At 2G2, a printhead 79 with nozzles 82 whose 
bore axes are tilted from orthogonal (with respect to the 
plane ot the medium 18) along the scanning axis 2 in 
the forward or rearward direction is provided. The odd 
nozzles and the even nozzles can be tilted in the same 
direction or different directions, forward or rearward At 
204, the printhead 79 is moved relative to the print me- 
dium 13 along the scanning axis 2 in the forward or rear- 
ward direction. Typically this printhead 79 movement 
begins at one side of the printer 10, or at a location cor- 
responding to the position on the medium 1 8 to be print- 
ed nearest that side of the printer 10, and proceeds 
along the scanning axis 2to the other side of the printer 
1 0 or to a position corresponding to the farthest position 
on the medium 18 to be printed in the curr ent swath. At 
206, the printhead 79, while moving, controllably ejects 
main drops 6 from selected nozzles 82 onto the medium 
1 8 with a first trajectory 7, as described heretofore. At 
208, and also as described heretofore, the printhead 79 
also responsivety ejects one or more satellite drops 8 
from the selected nozzles 82 with a second trajectory 9 
which has substantially the same displacement in the 
medium advance direction 4 as the first trajectory 7, so 
as to minimize PAD error In addition, if the tift Df the 
nozzles 82 is In a direction along the scan axis 2 oppo- 
site to the current direction (forward or rearward) of 
movement, then (depending on the breakoff velocities 
5s ,m and other factors, and as previously described) the 
main drop 6 and the satellite drop 8 may coincide on the 
medium 18. At 210, when the current traversal of the 
printhead 79 along the scan axis 2 is complete, the print 



medium 18 may be advanced relative to the printhead 
79 in the medium advance direction 4 However, in some 
multi-pass printmodes, this advance may not occur after 
each traversal. At 212, and ft printing is complete, the 

s method ends. If printing is not complete, the next action 
to be taken depends on whether the printmocte is unidi 
rectionat or bidirectional as performed at 214. If bidirec- 
tional, the direction of printhead motion is reversed at 
2 16, and the method continues at 204 with traversal oc- 

to curring in the opposite direction as on the previous pass. 
In the preferred embodiment, the scanning speed is the 
same in both directions so as to maximize throughput. 
It unidirectional, the printhead is moved in the opposite 
direction without printing at 218, and the method contin- 

rs ues at 204 with traversal occurring in the same direction 
as for the previous pass. 

[0028] From the foregoing it will be appreciated that 
the novel inkjet printer having printhead nozzles wi:h tilt 
ed or non-circular bores and method for reducing drop 

20 placement errors as provided by the present invention 
represent a significant advance in the art. Although sev- 
eral specific embodiments cf the invention have been 
described and illustrated, the invention is not limited to 
the specific methods, forms, or arrangements of parts 

25 so described and illustrated. In particular, the claimed 
invention and its novel developments are applicable to 
all types of printing systems without limitation provided 
that they include {1 ) at leasl one subslrate as discussed 
herein; (2) at least one ejection chamber positioned on 

so the substrate which, when activated, causes ftuidic ma- 
terial to be expelled on-demand from the printhead; and 
(3) an orifice plate having one or more nozzles ink there- 
through that is positioned above the substrate having 
the ejection chamber(s) thereon. The claimed invention 

35 shall not be considered "ejector-specific" and is not lim- 
ited to any particular applications, uses, and fluid com- 
positions. It is important to note that the present inven- 
tion is especially suitable for use with fluid delivery sys- 
tems that employ thermal inkjet technology Accordingly, 

40 the novel orifice plate structures discussed herein have 
been described in connection with thermal inkjet tech- 
nology with the understanding that the invention shall 
not be limited to this type of system. The claimed tech- 
nology is instead prospectively applicable to a wide va- 

45 riety of different printing devices provided that they 
again employ the basic structures recited herein which 
include a substrate, at least one ejection chamber on 
the substrate, and an orifice plate positioned above the 
substrate/ ejection chamber(s) having nozzle(s) therein 

50 in addition, while ink is the preferred embodiment of a 
fluid to be printed on the medium, the present invention 
Is not limited to the ejection and depositing of ink. Other 
fluids capable of vaporization upon the application of 
temperature can be used with the novel features dis- 

55 closed herein. The invention is limited only by the 
claims 
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Claims 

1. A printhead 21 tor ejecting drops 6,8 of ailuid onto 
a medium 1 8 during movement along a scanning 
axis 2, comprising: 5 

a plurality ot chambers 94 for conirollably eject- 
ing the drops 6,8; 

a nozzle member 75 attached to the printhead 
21 and defining a wall of each of the chambers, to 
the nozzle member having a planar surface po- 
srlionable adjacent 1he medium 18; and 
a plurality of nozzles 62 formed in the nozzle 
member 75 and in fluidlc communication with 
each chamber 94, wherein certain ones of the '5 
nozzles 82 have a nozzle axis 85 tilted along 
the scanning axis 2. 

2. The printhead 21 ot claim 1 , wherein the certain 
ones of the nozzles 82 have a non-circular bore 20 
82b-g through the nozzle member 75. 

3. The printhead 21 of claim 1 , wherein the nozzle axis 
85 is tilted between 0.2 degrees and 14 degrees 
from vertical 25 

4. The printhead 21 of claim 1 , wherein the nozzle axis 
85 is tilted between 0 4 degrees and 0.9 degrees 
from vertical. 

30 

5. The printhead 21 of claim 2, wherein the bore 82e 
has the shape ot a figure-8. 

6. The printhead 21 of claim 2, wherein the non- circu- 
lar bore 82b-g is symmetrical about the scanning ?5 
axis 2 but asymmetrical about a medium advance 
axis 4 orthogonal to the scanning axis 2. 

7. The printhead 21 of claim 6, wherein the bore 82c 
has the shape of a cashew. 40 

8. The printhead 21 of claim 6, wherein the bore 82f 
has the shape of a pie with 2 wedge removed 

9. T he printhead 21 of claim 1 , wherein the nozzle axis 
85 is tilted so as to deposit during a single fluid dep- 
osition operation a main drop 6 and at least one sat- 
ellite drop 8 from an individual one of the plurality 
of nozzles 82 in substantially the same location 19 

on the medium 1 B 50 

10. The printhead ol claim 1, wherein the nozzle axis 
85 is titted so as to deposit during consecutive fluid 
deposition operations drops 6,8 from an individual 
one of the plurality of nozzles 82 substantially along & 
a printing axis parallel to the scanning axis 2. 
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PROVIDE. A PRINTHEAD WITH NOZZLES WHOSE BORE AXES ARE 
TILTED FROM ORTHOGONAL (WITH RESPECT 10 THE PLANE OF THE MEDIUM) 
WONG THE SCANNING AXIS IN THE FORWARD OR REARWARD DIRECTION 
ACCORDING TO ONE OF THE FOLLOWING CONFIGURATIONS: 
ODD NOZZLES EVEN NOZZLES 



FORWARD 
FORWARD 
REARWARD 
REARWARD 



FORWARD 
REARWARD 
FORWARD 
REARWARD 



204, 



206^ 



MOVE THE PRINfHEAO RELATIVE TO THE PRINT MEDIUM 
ALONG THE SCANNING AXIS IN THE FORWARD OR REARWARD DIRECTION 



WHILE MOVING, CONTROLLABLY EJECT MAIN DROPS FROM SELECTED NOZZLES 
ONTO THE MEDIUM WITH A FIRST TRAJECTORY 



RESPONSIVELY EJECT SATELLITE DROPS FROM THE SELECTED NOZZLES 
ONTO THE MEDIUM WITH A SECOKD TRAJECTORY WHICH HAS 
THE SAME DISPLACEMENT IN THE MEDIUM ADVANCE DIRECTION AS THE FIRST TRAJECTORY 



208 



XT 



ADVANCE THE PRINT MEDIUM RELATIVE TO THE PRINTHEAD 
IN THE MEDIUM ADVANCE DIRECTION 



210 



( QP ) 




MOVE THE PRINTHEAD IN THE 
OPPOSITE DIRECTION WITHOUT PRINTING 



FIG.11 
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